Objectives: The oscillation model of Parkinson disease (PD) states that, in the subthalamic nucleus (STN), increased (4-10 Hz) and ␤ (11-30 Hz) frequencies were associated with worsening whereas ␥ frequencies (31-100 Hz) were associated with improvement of motor symptoms. However, the peak STN frequency in each band varied widely from subject to subject. We hypothesized that STN deep brain stimulation (DBS) at individualized ␥ frequencies would improve whereas or ␤ frequencies would worsen PD motor signs.
Bilateral high frequency (HF 130 -185 Hz) deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an established treatment for advanced Parkinson disease (PD).
1 Studies of oscillatory activities in the basal ganglia (BG) in patients with PD suggested that parkinsonian motor symptoms may be related to excessive pathologic oscillations in the BG in the low frequencies (Ͻ30 Hz). 2, 3 Increased (4 -10 Hz) frequencies in STN were associated with parkinsonian resting tremor. 4 Moreover, excessive ␤ (11-30 Hz) frequencies were recorded from the STN when patients with PD were withdrawn from their dopaminergic medications (OFF state) [5] [6] [7] and these frequencies were reduced when patients were in the on dopaminergic medication states (ON state), engaged in voluntary movements, 5, 7, 8 or received HF STN DBS. 9, 10 In contrast to ␤ frequencies, ␥ (31-100 Hz) frequencies in STN were related to normal motor functions. Increased ␥ frequencies between 60 and 80 Hz in STN were often observed along with improved motor performances when patients were in their ON state or were engaged in voluntary movements. 3,6 -8 Moreover, STN ␥ activities may be related to state of arousal as they disappeared when patients became drowsy. 7 Taken together, these observations led to the hypothesis that increased STN ␥ frequencies may represent improved functional state of the BG and its interaction with the cortex in patients with PD. Therefore, ␥ frequencies may facilitate motor performance during voluntary movements. 3, 7, 8, 11 However, the peak , ␤, or ␥ frequencies were highly variable from patient to patient. 3, 12 Several studies reported that levodopainduced reduction in ␤ band power in the STN was associated with improvements in bradykinesia and rigidity but not tremor in patients with PD. [13] [14] [15] STN DBS at 20 Hz was found to modestly decrease tapping speeds 16, 17 but had no effect on motor symptoms 18 whereas at 50 Hz was reported to reduce rigidity and improve tapping speed in a study with 3 subjects 19 but other studies showed no benefit. 17, 18, 20, 21 No previous study examined the effects of DBS at individualized STN peak frequencies, which may be highly relevant to behavioral performances. 10, 14 In the present study, we examined the effects of DBS at individualized peak STN frequencies on parkinsonian motor signs. We hypothesized that STN DBS at individualized ␥ frequencies would improve whereas at and ␤ frequencies would worsen PD motor signs compared to no stimulation.
METHODS Patients and surgery. We studied 13 patients with advanced PD (11 men, mean Ϯ SD age 60 Ϯ 6 years, disease duration 15 Ϯ 4 years) who received implantations of bilateral STN DBS electrodes (table 1) .
Standard protocol approvals and patient consent. All patients provided written informed consent and the study was approved by the University Health Network Research Ethics Board.
Experiment 1: recording of STN LFP and individualized frequencies. Recordings and study protocol. STN local field potentials (LFP) recording was performed 1-3 days after electrode implantations when the leads were externalized. Patients were first studied in the practically defined OFF state after overnight withdrawal of dopaminergic medications 22 and the study was repeated in the ON state. The ON dopaminergic medication state was defined as at least 30 minutes after intake of the first morning dose of dopaminergic medications and after both the patient and experimenters noted clinical improvements. Bilateral STN LFPs were recorded from all 4 DBS contacts using linked-ear references. EMG was recorded from the extensor and flexor carpi radialis muscles to monitor wrist movements.
While sitting in a comfortable armchair, baseline STN LFP recordings were obtained for ϳ3 minutes. The patient then performed 2 movement tasks with their clinically more affected side (table 2). In the externally triggered task, the patient made a brisk wrist extension movement in response to a randomized visual cue appearing every 6 to 10 seconds. In the self-initiated task, the patient made self-initiated brisk wrist extension movements approximately once every 10 seconds. Each movement task lasted ϳ10 -15 minutes.
Data analysis for experiment 1. DBS recordings were transformed into bipolar montage with the adjacent contacts (0 -1, 1-2, 2-3) to obtain focal activities. The contact pair used to obtain individualized frequencies in the , ␤, and ␥ bands was chosen to have one contact the same as the monopolar contact used for chronic DBS (table 1) for the clinically more affected  side (table 2) based on subsequent programming. The adjacent contact was chosen based on the biggest changes between MED or MOVE conditions. We compared the resting power spectra between OFF and ON states to obtain dopaminergic medication-dependent peak frequencies (MED) ( figure 1A ) and between premovement and movement periods for movementrelated peak frequencies (MOVE) (figure 1B). Six individualized peak frequencies in (4 -10 Hz), ␤ (11-30 Hz), and ␥ (31-100 Hz) bands were obtained for each patient using the contacts for chronic STN DBS contralateral to the clinically more affected side (table 1). Individualized and ␤ frequencies are defined as greatest reductions in and ␤ bands in ON compared to OFF states (MED) and during movement compared to premovement periods (MOVE). Individualized ␥ frequencies are defined as greatest increases in ␥ band in ON compared to OFF states (MED) and during movement compared to premovement periods (MOVE). Movement-related (MOVE) frequencies were obtained from either the externally triggered or self-initiated movements in the OFF or ON states. The condition with the greatest movementrelated power change was used for each patient.
Experiment 2: testing individualized frequencies on PD motor signs. Patients who participated in experiment 1
were studied at least 3 months after surgeries to avoid microlesion effects (table 2) and allow for establishment of optimal stimulation parameters for clinical benefits (table 1) . 20, 21 Each patient was tested on 2 separate days in random order: 1 day after overnight medication withdrawal and the other day while taking usual doses of medications. The testing for each day took 4 to 5 hours. Only the clinically more affected side was studied. On each day, 8 DBS frequencies were studied including 6 individualized , ␤, and ␥ frequencies in MED and MOVE conditions, stimulator turned off, and HF used for chronic DBS at the time of the experiment (table 2). The 6 individualized frequencies obtained from each patient were rounded to the closest programmable frequencies for the implanted pulse generator (table 2). The most effective monopolar (patients 2-13) and bipolar contacts (patient 1) for chronic DBS established during stimulator programming (table 1) and pulse width of 60 s was used. Because resetting the oscillation of a population of neurons is most effective with a strong pulse, 23 the voltages used for all individualized frequencies were adjusted to the highest amplitudes without any side effects whereas the voltages for the HF were those used for chronic DBS. The order of DBS frequencies tested was randomized for each day of the study. Each DBS frequency was applied for 15 minutes 18, 20 with the other side turned off, followed by assessment of the more affected side using motor Unified Parkinson's Disease Rating Scale (mUPDRS) (items 18 -31) by a live rater, blinded to DBS frequencies but not to medication states. The patient then performed the handtapping test. Once the hand-tapping test was completed, the DBS was switched to another frequency. All mUPDRS assessments were videotaped and the video segments were arranged in random sequences for 2 video raters, blinded to both frequencies and medication states. The video raters independently assessed the motor signs using mUPDRS although rigidity (item 22) was not rated. See appendix e-1 on the Neurology ® Web site at www.neurology.org for further details of the Methods. 3 (4) 4.8 (5) 3 (4) 17 ( 
For each DBS frequency, we estimated total electrical energy delivered (TEED) using the following formula: TEED ϭ voltage 2 ϫ pulse width ϫ frequency/impedance. 24 All statistics analyses were performed using SPSS v 16 (Chicago, IL). See appendix e-1 for further details on data analysis. RESULTS Patients 8 and 12 had no change in dopamine-dependent ␥ (MED) frequencies and were excluded from statistical analyses. Data from 11 patients were analyzed. Paired t tests showed no significant difference between the individualized and the rounded programmable frequencies in all frequencies and the voltages used between OFF and ON states (table 2) . See appendix e-1 for the results regarding variations of individualized frequencies.
Effects of DBS frequencies on PD motor signs. For the live rater, repeated-measures analysis of variance (rmANOVA) found main effects of medication states (F 1 ϭ 11.6, p ϭ 0.007) and DBS frequencies (F 7 ϭ 5.6, p ϭ 0.0001) on hemibody and axial scores ( figure 2A ). There was also significant interaction between medication states and frequencies ( For the video raters, rmANOVA for hemibody and axial scores without rigidity showed significant main effects of medication states (F 1 ϭ 5.3, p ϭ 0.04) and DBS frequencies (F 7 ϭ 3.1, p ϭ 0.006) but the effect of rater was not significant (figure 2B). Hemibody and axial scores were lower in the ON (mean ϭ 19.2) than OFF (mean ϭ 20.8) states. For DBS frequencies, post hoc paired t tests found that hemibody and axial scores for individualized ␥ MED (mean ϭ 18.7) and MOVE (mean ϭ 18.4) frequencies and HF (mean ϭ 17.9) were lower than no stimulation (mean ϭ 21.3) (figure 2B). There was no significant interaction between medication states and DBS frequencies. Movement-related spectra between 1 and 100 Hz in the premovement (Ϫ4 to Ϫ3.5 s) and the movement execution (0 to 0.5 s) periods from an average of 79 trials of self-initiated wrist movements in the ON dopaminergic medication state. Individualized movementrelated frequencies for this patient were 9 Hz for the band which showed the greatest reduction between 4 and 10 Hz in the movement compared to premovement periods, 30 Hz for the ␤ band which showed the greatest reduction between 11 and 30 Hz in the movement compared to premovement periods, and 80 Hz for the ␥ band which showed the greatest increase between 31 and 100 Hz in the movement compared to premovement periods.
0.008) and DBS frequencies (F 7 ϭ 2.27, p ϭ 0.039) ( figure 3 ). There was no significant interaction between medication states and DBS frequencies. figure 3 ). There was no significant difference in the number of taps per 20 seconds among other DBS frequencies.
DBS frequencies and electrical energy delivered.
rmANOVA showed a main effect in DBS frequencies (F 7 ϭ 19.4, p ϭ 0.0001) but not medication states. Post hoc paired t tests indicated that TEED for HF and individualized ␥ frequencies were higher than those for individualized (MED and MOVE) frequencies ( p ϭ 0.0003). Moreover, individualized ␤ frequencies had higher TEED than those of (MED and MOVE) frequencies ( p ϭ 0.002). There was no significant difference in TEED between individualized ␥ frequencies and HF (figure e-1).
DISCUSSION
In the present study, we recorded LFP from STN DBS electrodes from patients with PD and examined the effects of STN DBS at individualized dopamine-dependent and movement-related peak frequencies on parkinsonian motor signs. The results from the blinded live and the video raters showed that STN DBS at individualized dopaminedependent and movement-related ␥ frequencies improved motor signs similar to HF. Although there was no significant difference in TEED for individualized ␤, ␥ frequencies and HF (figure e-1), their clinical effects were different. Individualized ␥ frequencies and HF reduced mUPDRS scores compared to no stimulation but individualized ␤ frequencies had no effect (figure 2). Therefore, improvement in mUPDRS scores may be more dependent on DBS frequencies than TEED. The increased ␥ oscillations in the BG as patients with PD transitioned from OFF to ON dopaminergic medication states were considered prokinetic because this was associated with concurrent improvements in parkinsonian motor symptoms. 6, 7 These dopamine-dependent ␥ rhythms may also be an indicator of the arousal state as they disappeared in the BG during drowsiness 7 and ceased to be observed in the ventral thalamus (VT) during deep sleep. 25 In the ON state, these dopamine-dependent ␥ rhythms occurred throughout the BG-thalamo-cortical network as coherences were reported to be observed between the STN, GPi, VT, and the cortex. 7, 25, 26 These ␥ rhythms were suggested to be involved in attentional processes in the BG-thalamo-cortical circuit and cortico-cortical interactions to facilitate cognition and motor-related functions. 7, 25, 27 We demonstrated for the first time the acute clinical benefits of these intrinsic ␥ frequencies of the BG through STN DBS, which decreased parkinsonian motor signs similar to that produced by well-established HF DBS. Therefore, increased ␥ frequency in the STN induced by dopaminergic medications is likely a prokinetic rhythm in the human BG.
The increased ␥ oscillations in the cortico-BG circuit that occurred shortly prior to and during voluntary movements in patients with PD were thought to represent the coding and the transmission of motor information between the cortico-BG network and the muscles during movement executions. 3, 28 These ␥ frequencies were considered to represent normal movement-related activities because similar activities were recorded the GPi in dystonia patients 29 and in the motor cortical regions of normal subjects or in patients with epilepsy during voluntary movements. 30, 31 However, the precise functions of these movement-related ␥ oscillations in the cortico-BG circuit remains unclear. Our results indicated that peak ␥ frequencies in the STN during voluntary movements were effective in decreasing parkinsonian motor signs, consistent with the hypothesis that these ␥ oscillations may reflect outputs of the BG-thalamocortical network representing coding of voluntary movements and promotion of these ␥ oscillations may thus facilitate movement executions.
Dopamine-dependent ␥ oscillations in the BG have been suggested to be a carrier rhythm mediating information transfer between the BG and the motor cortical areas during voluntary movements. HF stimulation, empirically effective frequencies for chronic STN DBS, was hypothesized to be the second harmonics of intrinsic BG dopamine-dependent or movement-related ␥ rhythms and therefore effective in reducing PD motor signs. 7 Our results indicated that although similar peak frequencies in the ␥ range were found in 3 patients (patients 1, 2, 6) (table 2), most patients displayed distinct ␥ peak frequencies in dopamine-dependent and movement-related conditions. Moreover, HF for chronic STN DBS (table 2) was not the second harmonics of the specific dopamine-dependent or movement-related ␥ peak frequencies we found in the STN. Another hypothesis regarding the therapeutic effects of HF STN DBS involved the disruption of abnormal rhythms in the BG network, in particular the ␤ frequencies. 2, 9, 10 Whether DBS at peak ␥ frequencies also suppress excessive ␤ oscillations in the BG needs to be examined. These results suggest that the BG-cortical circuit may have 2 prokinetic ␥ rhythms with peak frequencies that are variable across patients and they may be effective in reducing parkinsonian motor symptoms.
Previous studies using STN DBS in the ␥ range at ϳ50 Hz did not produce consistent clinical benefit and at least 100 Hz is required to produce consistent reductions in parkinsonian motor signs. 18, 20, 21 These are in contrast to our findings that dopaminedependent or movement-related peak ␥ frequencies in the STN between 30 and 90 Hz were as effective as HF in reducing PD motor signs (figure 2, figure e-2). The reason for this difference may be because ␥ frequency DBS need to be at the intrinsic peak frequency to be effective and the optimal ␥ frequency varied widely among patients (table 2) . 3, 12 In the present study, we used the individual peak STN ␥ frequencies rather than setting the DBS at a fixed ␥ frequency. However, we need to study ␥ frequencies other than the individualized peak ␥ frequencies to determine whether the prokinetic effects are specific to individualized peak ␥ frequencies. The effects of STN DBS at individualized dopamine-dependent and movement-related peak ␥ frequencies warrant further investigations to optimize chronic DBS treatments for PD.
Our results showed that applying dopaminedependent or movement-related peak or ␤ frequencies of the STN did not increase PD motor signs whether in the OFF or ON states as measured by mUPDRS. Previous studies of STN DBS at and ␤ frequencies did not produce consistent results. Unilateral STN DBS at 5 Hz was found to reduce hand-tapping speed. 20 Two studies that measured finger-tapping rate with the repetitive depression of a single key with the index finger found that bilateral STN DBS at 5 and 20 Hz reduced tapping speed by ϳ12% and ϳ8% compared with no stimulation but only a subgroup of patients with PD who demonstrated normal baseline tapping rate and stimulation at 10 Hz did not decrease tapping rate compared to no stimulation. 16, 17 In contrast, bilateral STN DBS at 10 Hz was found to significantly worsen PD motor symptoms particularly bradykinesia measured by mUPDRS but stimulation at 5 and 20 Hz had no effect. 18 We found that STN DBS at individualized peak or ␤ frequencies did not slow hand-tapping speed compared to no stimulation. This may be because we used different methods compared to previous studies. Our hand-tapping test involved more complex arm movements compared to the simple finger tapping. 16, 17 We used peak or ␤ STN frequencies instead of fixed frequencies and used unilateral STN DBS instead of bilateral stimulations used in previous studies. 16 -18 Regardless of differences in methodologies and findings, STN DBS at and ␤ frequencies did not produce a consistent increase in parkinsonian motor symptoms. No previous study examined the effect of low-frequency STN DBS in the ON medication state. Our results suggest that STN DBS at peak and ␤ frequencies did not block the effects of levodopa (figure 2). Therefore, increased or ␤ oscillations in the STN may be indicators [13] [14] [15] 32 rather than contributors to PD motor symptoms. However, we cannot rule out subtle effects. It is also possible that the single pulse stimulations we used were not sufficient to synchronize the intrinsic and ␤ rhythms. A train of pulses may be required 33 but this type of setting was not possible with the pulse generator used. See appendix e-1 for a discussion of the limitations of the study.
Short-term STN DBS at individualized peak oscillations of dopamine-dependent and movementrelated ␥ frequencies are as effective as conventional HF for reducing parkinsonian motor signs. The long-term effects of individualized ␥ frequency STN DBS need to be examined in future studies.
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